Galactic magnetic fields in the local Universe are strong and omnipresent. There is mounting evidence that galaxies were magnetized already in the early Universe. Theoretical scenarios including the turbulent small-scale dynamo predict magnetic energy densities comparable to the one of turbulence. Based on the assumption of this energy equipartition, we determine the galactic synchrotron flux as a function of redshift z. The conditions in the early Universe are different from the present day, in particular the galaxies have more intense star formation. To cover a large range of conditions we consider models based on two different systems: one model galaxy comparable to the Milky Way and one typical high-z starburst galaxy. We include a model of the steady state cosmic ray spectrum and find that synchrotron emission can be detected up to cosmological redshifts with current and future radio telescopes. Turbulent dynamo theory is in agreement with the origin of the observed correlation between the far-infrared (FIR) luminosity L FIR and the radio luminosity L radio . Our model reproduces this correlation well at z = 0. We extrapolate the FIR-radio correlation to higher redshift and predict a time evolution with a significant deviation from its present-day appearance already at z ≈ 2 for a gas density that increases strongly with z. In particular, we predict a decrease of the radio luminosity with redshift which is caused by the increase of cosmic ray energy losses at high z. The result is an increase of the ratio between L FIR and L radio . Simultaneously, we predict that the slope of the FIR-radio correlation becomes shallower with redshift. This behavior of the correlation could be observed in the near future with ultra-deep radio surveys.
INTRODUCTION
In order to understand the formation and evolution of galaxies, one needs to know the evolution of their main energy components. Observations show clearly that magnetic fields are present on all astrophysical length scales of present-day galaxies and are approximately in equipartition with the remaining energy components (Beck 2011) . However, they are often left out in galaxy modeling as they increase the complexity significantly. As star formation and large-scale galactic dynamics are influenced crucially by magnetic fields, it is necessary to know how magnetic fields have formed and evolved in time for solving the details of galaxy evolution. Various scenarios for the origin of galactic magnetic fields have been proposed. The first seed fields could have been created in the very early Universe -during inflation (Turner and Widrow 1988; Ratra 1992) or within phase transitions (Quashnock et al. 1989; Sigl et al. 1997 ). However, due to cosmic expansion these fields have become extremely weak at the onset of galaxy formation.
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Stronger fields are expected from plasma mechanisms like the Biermann battery (≈ 10 −18 G, Xu et al. (2008) ) or from aperiodic plasma modes (≈ 10 −10 G, Schlickeiser (2012) ). At present day, galaxies like the Milky Way have field strengths of approximately 10 −5 G (Beck 2001 ) which means that seed fields must have been amplified over many orders of magnitude during the galactic evolution. One of the best candidates for amplification is the turbulent small-scale dynamo. This process converts kinetic energy from turbulence into magnetic energy by randomly stretching, twisting, and folding field lines. As the dynamo operates, at least initially, on small spatial scales it is very fast (Brandenburg and Subramanian 2005; Federrath et al. 2011; Schober et al. 2012a,b; Federrath et al. 2014) . In the context of galaxy formation the turbulent dynamo has been studied with semi-analytical models (Schober et al. 2013) and also in numerical simulations (Latif et al. 2013; Pakmor et al. 2014) . These studies show that equipartition field strengths can be reached on timescales of the order of 10 6 yr (Schober et al. 2013) . We note, that the ordering of field lines as observed in galactic disks should take place on longer arXiv:1603.02693v2 [astro-ph.GA] 29 Jun 2016 timescales which are typical for large scale motions. For instance the rotation period of the Milky Way is 2.4×10 8 yr. Based on the recent studies (Schober et al. 2013; Latif et al. 2013; Pakmor et al. 2014) showing efficient dynamo amplification in young galaxies, we expect strong galactic fields also in the early Universe. To test this theoretical scenario we can study non-thermal radio emission from cosmic rays. While these highly energetic particles consist mostly of protons, the electrons are responsible for synchrotron emission due to their smaller mass. The origin of this emission is the spiral motion of the electrons around the magnetic field lines providing a probe of its strength and structure across a galaxy. This commonly used method is limited by the availability of information about the cosmic ray electron spectrum (Beck and Krause 2005) . Theoretical models for the steadystate distribution of cosmic rays that are related to other galaxy properties like the star formation activity are needed to predict the synchrotron emission. In fact, with these models it is possible to also estimate radio fluxes from galaxies at different redshifts. One hint towards a strong coupling between the different energy components in a galaxy is the far-infrared (FIR)-radio correlation. Yun et al. (2001) observe this correlation of the FIR and the radio luminosity over more than five orders of magnitude. This tight correlation can be interpreted as a strong coupling between star formation and magnetic fields via cosmic rays (Schleicher and Beck 2013) . The star formation rate is traced by the FIR luminosity that results from thermal emission of dust heated by UV radiation from young stars. For instance, Kennicutt (1998) reports a linear scaling between the bolometric FIR luminosity, e.g. integrated between 8 µm and 1000 µm, and the star formation rate. A higher star formation rate is also accompanied by the occurrence of more turbulence (Mac Low and Klessen 2004) . This leads to stronger magnetic fields produced by small-scale dynamo amplification. In addition, with the formation of more stars more supernova explosions occur which produce more cosmic rays in their shock fronts. We thus expect the non-thermal radio emission to increase with increasing star formation. The FIR-radio correlation is well-tested in the local Universe. While until today no clear evidence for an evolution of this correlation has been observed up to moderate redshifts ), a deviation from its present-day shape is nevertheless discussed in literature (Murphy 2009; Lacki and Thompson 2010) . The outline of this paper is as follows: We present our galaxy model in section 2 and discuss our assumptions for the geometry, magnetic fields, and cosmic ray injection. As we aim to study a large range of star formation rates we base our model on two fiducial galaxies: the Milky Way and SMM J2135-0102 -a starburst galaxy at z = 2.3. From our model we derive the steady-state spectrum of cosmic ray electrons. In section 3 we employ our galaxy model to calculate the non-thermal radio luminosity emitted from the cosmic rays interacting with the galactic magnetic field. We compute the radio fluxes as a function of redshift and compare it to the sensitivities of current radio telescopes. In section 4 we study the FIR-radio correlation resulting from our model. First, we compare our prediction for z = 0 to local observations. Second, we calculate the correlation for higher redshifts and study its evolution in time. We summarize our findings in section 5.
2. DESCRIPTION OF OUR MODEL 2.1. General properties In this study we aim to predict the synchrotron emission of galaxies with various properties at different redshifts. In oder to cover a large range of star formation ratesṀ we employ two types of galaxies as our fiducial models: the Milky Way for low and moderateṀ and SMM J2135-0102 for highṀ . The latter is a starburst galaxy at z = 2.3. Due to the gravitational lensing effect it could be studied in detail (Ivison et al. 2010a) . We estimate unknown properties of SMM J2135-0102 using a local starburst, M 82. In the following we refer to our two parameter regimes as "normal disk" and "high-z starburst". We define the transition from the low to the highṀ regime at 10 M yr −1 . The basic properties of our fiducial galaxies are summarized in table 1. In this section we discuss the choices of these values. Moreover, we construct a general model for a galaxy as a function ofṀ and the redshift z.
Volume and density of the neutral gas -For our simple galaxy model we assume that the galaxies are disks with a uniform density. The fiducial values of the radii R 0 and the scale heights H 0 of this disks are given in table 1. We use typical values for the stellar disk of the Milky Way (Kennicutt and Evans 2012; Rix and Bovy 2013) and observations from Ivison et al. (2010a) for the high-z case. The typical scale height of a galaxy at high redshifts is not known. We assume the high-z disks to be thicker than at present day where in our Milky Way model R 0 /H 0 = 30. For SMM J2135-0102 we choose a lower ratio of R 0 /H 0 = 20 leading to H 0 = 50 pc at z = 2.3. With increasing redshift the disks are typically smaller. Under the assumption of a constant galactic mass semianalytical calculations predict a scaling of the galactic radius proportional to (z + 1) −1 (Mo et al. 1998) . Observations of high redshift galaxies seem to agree with this scaling. In fact, by analyzing Hubble data up to redshifts of 8, Oesch et al. (2010) find that the half-light radius evolves with (1 + z) −1.12±0.17 . Hence we assume that the galaxies in our model evolve with
Thus, the total volume of the disks
is proportional to (z + 1) −3 . With the assumption that mass is conserved during the galaxy evolution, the particle density of the neutral gas 1 n scales as (z + 1) 3 . We note that mass conservation is a Note. -Summary of the properties of our fiducial galaxies: a normal disk galaxy comparable to the Milky Way and a starburst galaxy at high redshift comparable to SMM J2135-0102. We list the parameters that we employ at a redshift z = 0. Listed are the galactic radius and scale height R 0 and H 0 , the particle density n 0 , the star formation rateṀ ,0 , the velocity of the galactic wind v wind,0 , and the magnetic field strength B 0 . For the high-z model we extrapolate the parameters observed at z = 2.3 to z = 0, i.e. R 0 = R 2.3 (1 + 2.3), H 0 = H 2.3 (1 + 2.3), and n 0 = R 2.3 (1 + 2.3) −3+α with R 2.3 = 1000 pc, H 2.3 = 50, and n 2.3 = 1000 cm −3 (see section 2.1).
further simplifying assumption. On the one hand galaxies gain mass through mergers and accretion. On the other hand they again loose material via galactic winds that will be discussed in the following. We assume here that these two effects do not change the total mass of a high-mass galaxy significantly during the phase of active star formation which is the main phase considered in this work. In addition to the redshift dependence of n we also consider an increase of the gas density with the star formation rate densityρ =Ṁ /V . According to the empirical Kennicutt-Schmidt relation (Kennicutt 1998) we expectρ ∝ n 1.4 . In our model the particle density scales as n(z,ρ ) = n 0 (z + 1)
where n 0 is the gas density andρ ,0 is the star formation rate density of our fiduical model at z = 0. Due to the dependency on the galactic volume (3)ρ scales with (1 + z) 3 for a fixed star formation rate. This leads to a scaling of the density of approximately n ∝ (1+z) 5.14−α . In order to test the influence of the gas density we include here an additional free parameter α. For α = 0 the redshift dependence of n is strong. In addition, we present results for α = 2.14. The latter corresponds to a case where n ∝ (z + 1) 3 (Ṁ /Ṁ ,0 ) 1/1.4 . The present-day density values n 0 that we have chosen are listed in table 1 and we present the redshift evolution of n in figure 1. We note that the gas in the interstellar medium can change from an atomic to a molecular phase which affects the number density. Observations show that the gas is mostly molecular above column densities of approximately 10 21 cm −2 (Leroy et al. 2008; Kennicutt and Evans 2012) . For hydrogen the number density can thus change by up to a factor of two. As we are performing order-of-magnitude estimates for the model galaxies, this factor is not significant.
Star formation and supernovae -Important ingredients in our model are the star formation rateṀ and the star formation rate densityρ . We use fixed values ofṀ ,0 at z = 0 for our two fiducial galaxy models, the Milky Way and SMM J2135-0102, which are given in in table 1. In addition we perform calculations in whichṀ is treated as a free parameter and varied over a large range. Stars with masses above roughly 8 solar masses (M ) are determined to explode as supernovae. Assuming a Kroupa stellar initial mass function (Kroupa 2002 ) the number of supernovae per time is approximatelẏ
with a mean mass of M SN ≈ 12.26 M .
Thermal interstellar radiation field -The thermal part of the interstellar radiation field in our model is composed of the following components: the cosmic microwave background (CMB), a cold and a warm infrared (IR) component, an optical (opt) component, and an ultraviolet (UV) component (Cirelli and Panci 2009) . For the normal disk galaxy model we use the temperatures T i and weighting factors f i proposed in Chakraborty and Fields (2013) . Observational data of the interstellar radiation field is available for the high-z galaxy. Ivison et al. (2010a) present the rest-frame near-IR-radio SED in their figure 1. Besides the IR temperatures which are explicitly given in this study we extract the approximate radiation field parameters from their figure. While Chakraborty and Fields (2013) do not report an optical component of the interstellar radiation field, other starburst galaxies show emission in the optical (see e.g. the spectrum of M82 in figure 17 in Galliano et al. (2008) ). We have tested models with optical components (T opt = 3.5 × 10 3 K) for the starburst case and did not see any significant changes below a strength of f opt ≈ 10 −10ρ /ρ ,0 . A summary of our radiation field model is given in table 2. Assuming that the thermal radiation field is composed of various Planck components we calculate the total total 
Note. -A model of the thermal interstellar radiation field which includes five different radiation components: ultraviolet (UV) radiation, optical radiation, thermal (warm and cold) infrared (IR) radiation, and the cosmic microwave background (CMB) (see Cirelli and Panci (2009) and Chakraborty and Fields (2013) ). We give here the dimensionless weights compared to the CMB f i which include a scaling with the normalized star formation rate densityρ /ρ ,0 and the temperatures T i . The fractions f i for the high-z starburst are estimates from figure 1 in Ivison et al. (2010a) .
energy density as
with i ∈ {IR, opt, UV, CMB}. We integrate here over the frequency ν. Further, c and h are the speed of light and the Planck constant, respectively. We emphasize that in our model all components besides for the CMB are scaling with the star formation rate densityρ . Lacki and Thompson (2010) on the other hand choose a dependence on the star formation rate surface densityΣ .
Galactic winds -Another important property of galaxies, especially in the context of star formation and cosmic rays, are galactic winds. The interplay of these three components has been studied in recent state-of-art numerical simulations (Girichidis et al. 2015) . With a higher star formation rate we expect more supernova explosions which drive the galactic outflows. Motivated from the analytical model of Shu et al. (2005) we employ the following expression for the wind velocity
Outflow velocities of the Milky Way can be studied using numerical simulations. A recent study of a highly complex setup of a galactic disk by Girichidis et al. (2016) show that the bulk of the outflow occurs at low velocities of 20 − 40 km s −1 . However they also observe a high velocity tail with a few 100 km s −1 . We choose for our Milky Way model a value of v wind,0 = 50 km s −1 . In case of the high-z galaxy no observational data for the outflows is available. We thus use the wind velocity observed in M 82 which has a value of 230 km s −1 (Walter et al. 2002) as a reasonable estimate.
Magnetic fields
A central assumption of this paper is that magnetic fields are omnipresent and strong in typical galaxies -also at high redshift. This assumption is based on the presence of a small-scale turbulent dynamo that can produce strong fields on short timescales by randomly stretching, twisting, and folding the magnetic field lines in turbulent motions (Kazantsev 1968; Kulsrud and Anderson 1992; Brandenburg and Subramanian 2005; Federrath et al. 2011; Schober et al. 2012a,b; Federrath et al. 2014) . Recently, the role of this turbulent dynamo has been analyzed in the formation of the first stars (Schober et al. 2012c ) and galaxies (Schober et al. 2013; Latif et al. 2013; Pakmor and Springel 2013) . A common prediction of these studies is that dynamo amplification leads to a certain fraction of equipartition between the turbulent and the magnetic energy. This fraction can be up to roughly 40 percent assuming ideal conditions (Federrath et al. 2014; Schober et al. 2015) . The amplification timescale is short compared to the dynamical timescales of a galaxy. As mentioned above, the energy source of the dynamo is turbulence. The global turbulence content of a galaxy is driven by stellar feedback, most prominently by supernova shocks propagating through the interstellar medium (Mac Low and Klessen 2004; Gazol-Patiño and Passot 1999; Korpi et al. 1998) , and to some degree by accretion onto the disk (Klessen and Hennebelle 2010) . Both processes are directly related to the star formation rate, which is obvious for supernovae feedback and requires the assumption of steady state for accretion driven turbulence ). In our model, the injection of turbulent kinetic energy is thus related tȯ M and the scale height of the galaxy H which sets the timescale for turbulence decay. Under steady state the turbulent velocity v turb can be estimated from equipartition between the loss rate 1/2ρv 2 turb /(H/v turb ) and the energy injection rateρ SN f SN E SN . Here ρ = nm is the mass density for particle masses m, f SN E SN is the fraction of supernova energy converted into turbulence, anḋ ρ SN =Ṅ SN /V the SN rate density. Solving for v turb results in
A fraction of the turbulent kinetic energy 1/2ρv 2 turb is converted into magnetic energy B 2 /(8π). This leads to a scaling of the resulting field strength B ∝ ρ 1/2 v turb and thus to
where we useρ SN ∝ρ . In agreement with the derivation based on small-scale dynamo action above, observations of various types of galaxies suggest a scaling of approximately B ∝Σ 0.3 (Niklas and Beck 1997; Chyży et al. 2011) . As a local magnetic field strength B 0 we use observa- tional results for the Milky Way. Using synchrotron emission Beck (2001) find a value of 6 ± 2 µG in the solar neighborhood and 10 ± 3 µG at a 3 kpc galactic radius. We choose B 0 = 10 µG for our fiducial low star formation rate model. There is no observational data for magnetic fields in galaxies at high redshift, although we expect them to be in equipartition due to turbulent dynamo amplification. We thus employ the relation (9) to extrapolate a field strength from the Milky Way field strength. With the density, the star formation rate, and the size of SMM J2135-0102 as given in table 1 we find B 0 = 93 µG. Observations of local starburst galaxies justify this high value of the magnetic field strength. For instance, Adebahr et al. (2013) report a field strength of 98 µG in the core region of M 82. The redshift evolution of the magnetic field strength that we employ for our model is presented in figure 2.
Cosmic rays
Injection spectrum -To study the physics of galaxies we use radiation emitted by cosmic rays. These high energy particles originate in shock fronts, e.g. within supernova remnants, where thermal charged particles gain energy due to first-order Fermi acceleration (Bell 1978a,b; Drury 1983; Schlickeiser 2002) . Theoretical studies of this acceleration mechanism predict the following injection spectrum of cosmic rays:
where Q 0 is the normalization, γ = E/(mc 2 ) the Lorentz factor for a particle with energy E and rest mass m, and the slope χ varies between χ = 2.0 for non-relativistic gas and χ = 2.5 for a relativistic gas (Bell 1978b) . We note that detailed models of supernova shock fronts result in χ = 2.1 − 2.3 (Bogdan and Völk 1983) and choose a value of χ = 2.2 for our current study. If we assume that galactic cosmic rays originate exclusively from supernova remnants, the total energy injection rate is ξE SNṄSN , where E SN is the energy of one supernova andṄ SN the supernova rate (5). The fraction of supernova energy that is converted into kinetic energy of cosmic rays ξ can vary slightly with the density of the interstellar medium (Dorfi 2000) . We employ a fixed fiducial value of ξ = 0.1. Due to their higher mass compared to electrons the energy is mostly within protons and ions. With a normalization toṄ SN we find for the proton injection spectrum
the following proportionality constant:
As the upper end of the cosmic ray energy spectrum which extends up to 10 21 eV per particle does not contribute significantly to the total cosmic ray energy, only the lower end of the spectrum γ p,0 appears here. For the latter we use a value of γ p,0 = 10 9 eV/(m p c 2 ) ≈ 1 which corresponds to the proton rest mass.
Cosmic ray losses -The injection spectrum can, however, differ significantly from the steady state spectrum of cosmic rays due to diffusion and loss processes. Cosmic ray diffusion is described by the following equation (Longair 2011) :
(13) The spectrum of cosmic rays N depends on the injection spectrum Q and the continuous energy losses given by the second term on the right hand side of (13) which includes the cooling rate b. Catastrophic losses are included in the third term which depends on the catastrophic loss timescale τ cl . Further, equation (13) accounts for actual diffusion that is given by the last term with the diffusion constant D. For steady state the time derivative is zero. Under the assumption of spatial homogeneity also the diffusion term proportional to ∇ 2 N can be neglected. Equation (13) can then be approximated as
This equation is valid for cosmic ray protons as well as for electrons. However, for the different species different terms dominate. In the following we derive the steadystate spectrum of cosmic ray electrons from equation (14).
Energy losses of cosmic ray electrons -High energy cosmic ray electrons loose energy mostly via cooling processes which are controlled by the cooling rate b (E) . The latter can be approximated by E/τ e (E) with τ e (E) being the cooling timescale. The following cooling mechanisms contribute significantly to τ e : ionization (τ ion ), bremsstrahlung (τ brems ), inverse Compton scattering (τ IC ), synchrotron emission (τ synch ), and adiabatic losses (τ wind ). The total cooling timescale is calculated as with the individual contributions
For the ionization timescale we refer to Schlickeiser (2002) and for the bremsstrahlung timescale to Strong and Moskalenko (1998) . For both timescales we assume that the particle density of hydrogen is ten times the one of Helium. We further use the density of the interstellar radiation field u ISRF given in (6) and the magnetic energy density u B = B 2 /(8π) with the field strength given in (9). The wind velocity v wind depends on the star formation rate and the scale height of the galaxy and is given in equation (7). We present the cooling timescale of cosmic ray electrons as a function of the star formation rate in figure 3. The timescales shown in the left panel are calculated for cosmic ray electrons with a Lorentz factor of γ e = γ e,0 = 10 7 eV/(m e c 2 ), while the energy is ten times higher in the right panel. In particular we stress that the timescales for synchrotron emission and inverse Compton scattering decrease with increasing cosmic ray energy in the same way as both are inversely proportional to γ e . The two regimes, the normal disk regime forṀ < 10 M yr −1 and the starburst regime forṀ > 10 M yr −1 , are separated by a vertical dashed line. The positions of the fiducial galaxy models are marked by the thin vertical lines. The redshift increases from the upper to the lower panels. Note that all the individual components of τ e decrease with redshift. One of the most significant effects is the decrease of τ ion and τ brems with z which origin in their dependence on the density n. The latter increases proportional to (1 + z) 3 . As a result the total cosmic ray cooling timescale at high redshift scales as the density withρ 1/1.4 . In contrast to the cosmic ray protons, the electrons do not decay. Thus there are no catastrophic losses of e ± and we can neglect the last term of equation (14). The steady state spectrum for e ± is then given by:
Contribution from secondary cosmic ray electrons -The total energy injection rate Q e of cosmic ray e ± is composed of a primary component Q e,0 from supernova shocks and a secondary component Q e,sec from the decay of proton produced pions. In fact, gamma-ray observations suggest that the secondary electrons dominate with a fraction of roughly 70 percent (Lacki et al. 2011) . We label the ratio of the secondary injection rate Q e,sec to the total injection rate Q e = Q e,0 + Q e,sec as f sec = Q e,sec /Q e ≈ 0.7. For high energies cosmic ray protons experience mostly which is expected at high γe by the dashed lines. We chose here a density evolution with α = 0.
catastrophic losses via pion production (Mannheim and Schlickeiser 1994 ) the timescale for which is τ cl,p = τ π f π . Here τ π is the characteristic time for pion production and f π the fraction of protons contributing to that. For the latter fraction we assume a value of f π = 0.4 (Lacki and Beck 2013 ). Neglecting continuous losses, i.e. setting the second term on the right hand side of equation (14) to zero, one finds for the steady state spectrum of protons
where the additional factor of m p c 2 comes from the conversion from E p to γ p . Lacki and Beck (2013) derive the following relation between the secondary e ± and the injection rate of cosmic ray protons Q p :
where they assume for the energy of the protons E p = 20E e,sec . In terms of the Lorentz factor γ e = E e /(m e c 2 ) we get Q e,sec (γ e ) = 20
Steady-state spectrum of cosmic ray electrons -Taking into account the injection of secondary e ± we find the following steady state spectrum from equation (21):
The resulting steady state spectra for the two fiducial models at different redshifts are presented in figure 4 . Due to the decreasing energy loss timescale the number of cosmic ray electrons decreases with z. Note, that the slope of the steady state spectrum is steeper than the one of the injection spectrum which is indicated by the dotted line for reference. This effect is strongest for high energies γ e and for galaxies with higher star formation rates. In these cases the cosmic ray energy losses are more significant. In fact, the scaling of the steady-state spectrum at large γ e can be estimated from equation (14) which then takes the form of 0 = Q(γ e
3. GALACTIC RADIO EMISSION 3.1. Non-thermal radio emission In a magnetic field a charged particle performs spiral motions around the field lines. Thus, it is constantly accelerated leading to synchrotron emission. The emitted energy from an electron with relativistic velocity β per time t and unit solid angle Ω n into the direction n is
It can be shown (see e.g. the review by Blumenthal and Gould (1970) ) that the resulting spectral power from a single electron with energy γ e is
where K 5/3 (x) is the modified Bessel function of second kind. This spectrum peaks roughly at the critical frequency 
which is a function of the star formation rate that enters via the magnetic field and the cosmic ray energy. In our model we considerṀ between 10 −2 and 10 3 M yr −1 . For Lorentz factors of γ e,0 = 1 GeV/(m e c 2 ) and γ e,0 = 10 GeV/(m e c 2 ) and z = 0 the critical frequency range of synchrotron emission is 1.5 × 10 7 − 2.7 × 10 9 Hz and 1.5 × 10 9 − 2.7 × 10 11 Hz, respectively. For a distribution of electrons with different energies (25), the spectral emission can then be determined by (Blumenthal and Gould 1970) 
Here an integral over an pitch angel Ω α is included. For local isotropy the function N (α) equals 1 and one finds that the latter integral is roughly 8.9 for a cosmic ray distribution with an exponent of χ = 2.2. In case of a simple power law distribution with N e ∝ γ −χ e the integration of equation (29) would yield L ν ∝ ν −(χ−1)/2 . As we take into account various cooling processes for determining the cosmic ray spectrum N e can, however, differ (see figure 4) which has an impact on the resulting synchrotron spectrum. The synchrotron flux observed from an object at a luminosity distance
is calculated by
We use here a mass density parameter of Ω m = 0.32 and a Hubble constant of H 0 = 67 km s −1 Mpc −1 . The representative spectral fluxes calculated from our model of galactic synchrotron emission are shown in figure 5 . Here we present the spectrum in the observed frame, including the observed frequencies. We again consider our fiducial galaxy models: the Milky Way based model is shown in the left panels and the high-z starburst model in the right ones. Additionally, we show the results for a strong density evolution with redshift, i.e. α = 0, and for a weak evolution, i.e. α = 2.14 (see equation 4). We present the pure non-thermal spectrum by dashed lines with different colors representing the fluxes at different redshifts. The synchrotron flux decreases with increasing redshift while the starburst lines lie always above the ones for the Milky Way galaxy. For a stronger density evolution, i.e. α = 0, the flux decreases faster than for α = 2.14.
Contribution from free-free emission
Especially at low frequencies free-free emission and absorption contribute to the radio spectrum and need to be included when designing observational studies. We note, however, that this contribution to the emission is not considered in the next section where we study the FIRradio correlation. The free-free optical depth is given as τ ff (z,Ṁ ) = 0.082
where we assume an electron temperature T e of 10 4 K and an emission measure of
Here we approximate the electron number density as n e = 0.1 n(z,Ṁ ), i.e. we employ an ionization degree of ten percent which is typical for the warm interstellar medium (Tielens 2005) . The propagation length through ionic material is estimated as the scale height of the galaxy (2) and we employ a filling factor of f = 0.3 ( . The observed spectral fluxes for the Milky Way-like model with a star formation rate ofṀ = 2 M yr −1 (left panels) and for a typical high-z starburst galaxy withṀ = 400 M yr −1 (right panels). In the top panels we employ a strong density evolution with redshift, e.g. α = 0, while α = 2.14 in the lower panels (see equation 4 for the definition of α). The dashed lines represent the pure non-thermal spectra as given in equation (31). The solid lines include additional free-free emission and absorption (see equation 35). In the lower left panel we present fits for different scalings as discussed in section 3.3. Different colors indicate different redshifts z. Conservative observational limits for current radio telescopes are given as vertical gray lines.
note that the optical depth increases strongly with redshift as the emission measure (33) scales with n 2 . With our expression for the density as given in (4) we find τ ff ∝ (1 + z) 9.28−2α in the observed frequency frame. At an emitted frequency of 10 9 Hz the transition from the optically thin to optically thick occurs at z = 1.9 for the normal disk model with α = 0 and at z = 1.0 for α = 2.14. In case of our fiducial starburst model τ ff = 1 at z = 1.9 for α = 0 and at z = 0.5 for α = 2.14. Taking into account the effect of free-free absorption, the synchrotron emission is reduced by a factor of e −τ ff . In addition, however, we expect also a positive contribution to the radio flux from free-free emission which can be calculated as
where we estimate the solid angle of a typical galaxy as ∆Ω = ∆A/d 2 A . The observed surface area ∆A of a galaxy depends on its orientation with respect to the line of sight. For the model disk galaxies we assume here a mean value of ∆A = 0.5πR(z) 2 . The angular diameter distance d A can be calculated from the luminosity distance (30) via
We note that the factor (1 − e −τ ff ) becomes 1 in the optical thick regime, i.e. for τ ff 1, while it reduces to τ ff in the optical thin regime. We thus expect the free-free flux density to scale with ν 2 for τ ff 1 and with ν −0.1 for τ ff 1. The total radio flux, including free-free absorption of the non-thermal flux and free-free emission, is given as
We present the total flux S ν as solid lines in figure 5 . It is clear from the figure that free-free absorption and emission play an important role for the total radio spectrum. As discussed above, τ ff and also the factor (1 − e −τ ff ) increase strongly with z. Thus, even though the solid angle of the source ∆Ω decreases monotonously with redshift, there is a regime at high frequencies and moderate red- shifts in which S ff increases with z. In our models of Milky Way like galaxies, the spectrum is dominated by free-free emission for z 0.5 for α = 0 and for z 1 for α = 2.14. For the starburst case the synchrotron emission dominates up to moderate redshifts as shown in the right panel of figure 5 . At z 1 for α = 0 and z 2 for α = 2.14 synchrotron emission is, however, suppressed at low frequencies due to efficient free-free absorption.
3.3. Observational limits for radio telescopes For reference we indicate the limits for current radio telescopes in figure 5 . The conservative estimates for the sensitivities and the corresponding frequency ranges are listed in table 3. Figure 5 indicates that we can observe the non-thermal radio fluxes from galaxies up to a redshift of roughly 2 in case of a high star formation rate. When comparing the models with real observational data, one needs to take into account the evolution of the free-free optical depth τ ff . As our models show the latter becomes more important at higher redshifts. As a result synchrotron emission is absorbed at low frequencies and free-free emission dominates the spectrum at high ν. This leads to a possible underestimate of the synchrotron flux at low ν, while it can be overestimated at high ν. Isolating the non-thermal contribution becomes more difficult at high redshift as the latter decreases with z while free-free emission can increase at high frequencies. Multi-frequency observations are crucial to study the spectral slope and extract the non-thermal part of the spectrum. If the flux is proportional to ν −(χ−1)/2 synchrotron emission dominates, while free-free emission dominates when ν −0.1 at high frequencies. In case of subdominant non-thermal emission, polarization measurements can be used to study the synchrotron contribution. From figure 5 we conclude that the non-thermal contribution of the spectrum can be studied best for starburst galaxies. The optimal observational frequency is just above the cut-off through free-free absorption. In the observed frame as presented in figure 5 , this frequency shifts from ν ≈ 10 8 Hz to higher values 2 . While for LOFAR measurements in the low-z regime are possible, the JVLA would be more suitable for observations at z 1. The future generation of radio telescopes will lower the detection limits further. For example the expected continuum sensitivity of the SKA precursor MeerKat 3 is roughly 1 µJy for 8 hour integration. ASKAP 4 is a further SKA precursor with a sensitivity of the order of 10 µJy and thus slightly below JVLA. SKA 5 will be the most important future telescope to study radio emission from the early Universe. The SKA-mid which will cover a frequency range of 0.35-14 GHz is expected to have a sensitivity of 0.3 µJy for an exposure time of 8 hours. Based on the results of our theoretical model, non-thermal galactic radio emission from galaxies beyond z = 2 should be easily detectable with the SKA. With a very long integration time of for example 100 hours, the sensitivity goes down to 0.07 µJy and synchrotron emission from redshifts below 5 can be detected if the source galaxy is comparable to our fiducial high-z galaxy SMM J2135-0102.
4. FIR-RADIO CORRELATION 4.1. In the local Universe For calculating the far-infrared luminosity we employ a conversion relation given in Kennicutt (1998) between L FIR , i.e. IR luminosity integrated over the full-, mid-, and far-IR spectrum (wavelength band of 8-1000 µm), and the star formation rateṀ :
We note that the relation in equation (36) is only valid under a number of assumptions. First of all it was derived for starburst galaxies in which the FIR radiation field originates from the UV radiation of young stars heating up the dust. It is assumed that the dust reradiates the energy in the infrared. The study of Kennicutt (1998) further uses the radiative transfer model of Leitherer and Heckman (1995) , assumes a mean luminosity for 10-100 Myr continuous bursts, solar metal abundances, and a Salpeter IMF (Salpeter 1955) . We note that the FIR luminosities reported by Yun et al. (2001) which we will discuss in the following result from observations of the 60 µm emission line. It has been argued that the monochromatic luminosity L 60 µm is related to the bolometric FIR luminosity by L FIR ≈ 1.7 L 60 µm (Chapman et al. 2000) . We use this relation to determine L FIR from the observational data reported in Yun et al. (2001) . The FIR luminosity correlates with the radio luminosity in the local Universe (Yun et al. 2001) . As the origin of this correlation is a strong coupling between star formation and magnetic fields, the responsible contribution to the radio emission is the non-thermal synchrotron radiation. We calculate the latter using equation (29). Observational studies often use a radio luminosity density at a given frequency instead of a luminosity integrated over a frequency range. We calculate the radio luminosity den-
GHz at a frequency of ν = 1.4 GHz based on the spectral synchrotron luminosity derived in equation (29). The radio luminosity at 1.4 GHz
Yun et al.
1-para fit: log(L FIR /L ) + 12.10 2-para fit: 1.00 log(L FIR /L ) + 12.14 1-para fit: 4/3 log(L FIR /L ) + 8. Figure 6. The FIR-radio correlation from the observational data of Yun et al. (2001) given by the gray crosses. We overlay our theoretical model at z = 0 with the orange line. In addition we perform various fits: log(
The resulting fit parameters c i (for i = 1, .., 6) are given in the plot legend. For all curves (fits and model) we note the corresponding R 2 adj as introduced below in equation (37) is calculated as L 1.4 GHz = 1.4 GHzL 1.4 GHz . A qualitative comparison between our model and the observed data from Yun et al. (2001) at z = 0 is shown in figure 6 . We also show the results for different fit functions, linear ones and power-law fits. The fitting functions are all given in the figure. The prediction from our theoretical galaxy model is over plotted with the orange piecewise line. We emphasize once more that we did not perform any fit to the data with our model. All the parameters are chosen on the basis of information from our two fiducial galaxy models: the models of the Milky Way and the high-z starburst galaxy. With the exception of very low L FIR , i.e. very low star formation rates, our model reproduces the data at z = 0 remarkably well. The discrepancy at lowṀ is a result of our assumption of relatively strong winds and the corresponding losses of cosmic ray electrons. The wind velocity is discussed in section 2 and is based on the Milky Way with a weak dependenceṀ given in (7). For galaxies with lowṀ our estimate of the wind losses is probably too high, leading to a smaller number of cosmic rays and thus to less synchrotron emission. In order to quantify the differences between the fits and the data and between the data and our model, we perform a goodness-of-fit test. For this we calculate the R 2 value. Assume that a model predicts an expected value m i for every data point d i with i = 1, ..., n from a set of n data points. Then the R 2 value is defined as
with the residual sum of squares
and the total sum of squares
The mean value of the data is defined as d i ≡ i d i /n. A value of R 2 = 1 would correspond to a model that fits the data perfectly, while a model with R 2 = 0 does not fit the data at all. The adjusted R 2 value R 2 adj takes into account the sample size N and the number of variables in the model p. It is calculated as
We give the R 2 adj values for all the fits to the the FIRradio correlation data in figure 7. Our theoretical galaxy model has a value of R 2 adj = 0.759 and is thus worse than the linear fit functions and the power-law fit. The smaller R 2 adj value compared to the linear fits can be traced back to the slope of our curve which does not match the data perfectly. Still as the R 2 adj for our model is high, we can consider it to reproduce the local observations well. We stress again that the orange curve in figure 7 is not based on a fit and that we cannot expect a perfect agreement with the data.
At high redshift
While the FIR-radio correlation is well tested in the local Universe, its evolution with redshift is less clear. For example, cannot confirm any evolution of the correlation up to z ≈ 2.6 for their galaxy sample. They do however report that the median ratio of IR to radio flux in their submillimeter galaxies is lower than in local star forming galaxies by a factor of roughly 3. A physical model for the FIR-radio correlation as a function of redshift is proposed in Murphy (2009) . In this work the synchrotron emission is calculated for fixed galactic magnetic fields. Unless the magnetic fields in high-z star-forming galaxies are extremely strong, the author suggests that the ratio of infrared to radio luminosity increases with redshift. An additional model has been presented by Lacki and Thompson (2010) . With their one-zone galaxy model that includes a detailed cosmic ray description, they also predict an evolution of the FIR-radio correlation with redshift which is most significant for galaxies with low star formation rates. In this section we use our theoretical model for galaxies, their cosmic rays, and their dynamo-produced magnetic fields to predict this correlation at very high redshift. We employ the model that was derived in section 2 to calculate the radio luminosity density as a function of the FIR luminosity at different redshifts. Our estimate for L FIR is given in equation (36). We model the FIR luminosity only as a function of the star formation rate. Any possible redshift evolution of the dust is not taken into account in this work. Note that the transition from the Milky Way type regime to the high-z starburst regime occurs atṀ = 10 M yr −1 which corresponds to L FIR ≈ 6 × 10 10 L . The resulting z-dependent correlation is shown in figure 7 . With increasing redshift L 1.4 GHz clearly decreases for a given L FIR . This originates from the decreasing energy loss timescale of cosmic ray electrons (see figure 3) . The results are fewer cosmic rays thus less synchrotron emission. Moreover, our model predicts the FIR-radio correlation to flatten slightly with increasing redshift. In figure 7 the difference between a strong and a weak evolution of the gas density (4) with redshift is shown. In the left panel α = 0 which corresponds to n ∝ (1 + z) 5.14 . Here at a redshift of 2 (see the orange line in figure 7 ) the FIR-radio correlation lies below the observational data in the local Universe. For α = 2.14 normal disk high z starburst Figure 7 . The radio luminosity density L 1.4 GHz as a function of the FIR luminosity L FIR for different redshifts. We employ a model based on the Milky Way for 6 × 10 7 L L FIR 6 × 10 10 L and a model based on a high-z starburst for L FIR 6 × 10 10 L . For reference we overplot the data given in Yun et al. (2001) which correspond to a redshift of 0. In the left panel we employ a gas density evolution with α = 0, while α = 2.14 in the right panel. α = 2.14 which implies n ∝ (1 + z) 3 the evolution of the FIR-radio correlation is not significant and the model curves below z ≈ 5 can hardly be distinguished. A breakdown of the FIR-radio correlation at high redshift has been already proposed by Schleicher and Beck (2013) . This study is also based on the assumption that galactic magnetic fields are produced by a small-scale turbulent dynamo and thus depend on the star formation rate. Schleicher and Beck (2013) estimate the typical timescales for energy losses of cosmic ray electrons. The loss timescales they assume at a redshift of zero are similar to the ones we employ. The most significant difference is the timescale for bremsstrahlung which is smaller by a factor of three in our case. In addition we include losses by galactic winds that are in our model dominant for a large range ofṀ at z = 0 and low cosmic ray energies (see figure 3) . Above a critical redshift that is defined by the time where τ IC becomes smaller then τ synch , Schleicher and Beck (2013) predict a breakdown of the FIR-radio correlation. In our work we employ a strong evolution of the number density with redshift which leads to a fast decrease of τ brems and τ ion with redshift. For low cosmic ray energies the latter become the dominant loss channels already at moderate z. Even though synchrotron losses are not dominating there is still radio emission. We extend the approach by Schleicher and Beck (2013) and calculate the expected synchrotron emission based on the steady state number density of cosmic ray electrons. In agreement with their prediction we find that τ IC decreases rapidly with redshift and that synchrotron emission is not the dominate loss channel in young galaxies. Instead of a breakdown of the FIR-radio correlation we find an evolution in cosmic time where non-thermal radio emission significantly decreases with redshift. Due to our focus on starburst galaxies with strong, i.e. efficiently amplified magnetic fields, the inverse Compton scattering is less relevant than other loss mechanisms, which may change when probing more typical galaxies. Such variations in the overall efficiency in the production of non-thermal synchrotron are not only relevant as probes of the magnetic fields, but also when employing radio emission as a tracer of star formation. We note, that our model results in an evolution of the radio luminosity over the whole range of FIR luminosities studied here. Lacki and Thompson (2010) on the other hand propose an evolution of the FIR-radio correlation that is only significant at low star formation rates. The origin of this discrepancy lies probably in the different models of the density. While there is a scaling with the star formation rate in both studies (see our equation 4), Lacki and Thompson (2010) do not include a scaling of n with redshift. With our scaling of n ∝ (1 + z) 3−α that is motivated from the evolution of the galactic volume (3) the timescales of ionization and bremstrahlung decrease strongly with redshift (see figure 3) . We are not studying the regime where inverse Compton scattering is the dominant energy loss of cosmic ray electrons. Losses would only be dominated by inverse Compton scattering if the magnetic fields were weak at high redshift. Assuming the presence of a small-scale dynamo, we expect that magnetic fields in young galaxies are very strong. Similar conclusions can be drawn from figure 8 where we plot the ratio of FIR over radio luminosity as a function of the star formation rate. In case of a linear FIR-radio correlation the curves should be horizontal. Our model curves clearly deviate from a linear correlation. In fact, the ratio decreases withṀ for low redshifts up to very highṀ . However, at higher redshifts L FIR /(L 1.4 GHz ) grows with the star formation rate. We illustrate this trend also in figure 9 , where we show the same ratio as a function of z for our two fiducial galaxy models. In both cases the fraction L FIR /(L 1.4 GHz ) has increased by an order of magnitude already at a redshift of z = 2 for α = 0. If the density increases only as (1 + z) 3 , the evolution of L FIR /(L 1.4 GHz ) is less significant. In fact, the difference between the ratio in local Universe and at z = 10 is less than an order of magnitude. For better comparison with the literature we indicate the so-called q parameter on the right hand axes of figure 8. This quantity is defined as (Helou et al. 1985) q = log S FIR 3.75 × 10 12 Hz − log S 1.4 GHz ,
where S FIR is the FIR flux,S 1.4 GHz the 1.4 GHz flux density, and 3.75 × 10 12 Hz the frequency at 80 µm. In terms of luminosities we find
Our model results in a q parameter of roughly 2 at a redshift of z = 0. We note that Yun et al. (2001) report q ≈ 2.3, thus a value that is higher then indicated in our figure. This can be caused by their calculation of the FIR luminosity which includes not only the 60 µm flux that we use here, but additionally the flux at 100 µm. In addition, Yun et al. (2001) did not substract the contribution from free-free emission to the radio spectrum which could lead to an overestimate of the non-thermal emission.
A main result of our analysis is an increase of the q parameter with redshift for galaxy sample with similar star formation rates. The evolution of q is also predicted by the theoretical model in Lacki and Thompson (2010) . So far there is no agreement on a possible evolution of this parameter from the observational side. While some works report no evolution of the FIR-radio correlation up to moderate redshifts Barger et al. 2012 ) others even find a decrease of q (Ivison et al. 2010b; Bourne et al. 2011; Basu et al. 2015) . These observations, however, typically cover galaxies with different star formation rates while in figure 9 galaxies with fixedṀ are considered. At high redshift the meanṀ is higher (Madau et al. 1998) plus observations are easier for brighter galaxies. In addition the presence of active galactic nuclei will bias observational results towards a lower q.
5. CONCLUSIONS Based on the assumption that galaxies have had strong magnetic fields throughout their evolution we calculate their synchrotron emission. We argue that the origin of these strong fields is rapid amplification of seed fields via a turbulent small-scale dynamo. With the energy input for the dynamo being turbulence there is a direct coupling to the star formation activity in galaxies. We thus can expect the magnetic field strength of a galaxy to scale with its star formation rate. This relation is quantified in equation (9). A tracer of magnetic fields is synchrotron emission from cosmic rays. The origin of these highly energetic particles are shock fronts in expanding supernova shells which again are coupled to the star formation rate (see equation 5). In this study we construct a semi-analytical galaxy model which covers the evolution of the volume, density, magnetic field, and cosmic rays of a galaxy. We distinguish two different regimes of star formation rate. Foṙ M < 10 M yr −1 our model is based on the Milky Way, while we employ SMM J2135-0102, a starburst galaxy at z = 2.3, as a template forṀ > 10 M yr −1 . The details are discussed in section 2. Our galaxy model includes several assumptions. First of all we employ two exemplary galaxies to describe a huge range of star formation rates. These galaxies are homogeneous disks with radii and scale heights that depend only on redshift. In nature there is of course a variety of different galaxy morphologies. Further, the two regimes of star formation rates are modeled based on the interstellar radiation fields of the fiducial galaxies. Although we include a scaling with the star formation rate density, real interstellar radiation fields might be more complex. The cosmic ray model we use neglects diffusion which is caused by the assumption of homogeneity. Moreover we focus solely on the . The ratio of the FIR luminosity L FIR over radio luminosity L 1.4 GHz as a function of z. We present the result for our two fiducial galaxy models: a model of the Milky Way with a star formation rate of 2 M yr −1 (solid lines) and the high-z starburst galaxy withṀ = 400 M yr −1 (dashed lines). The black lines correspond the α = 0 in the gas density evolution, while the blue lines refer to α = 2.14.
injection of cosmic rays by supernovae. The latter are also our only source of turbulence. Our one-zone galaxy model can thus only predict trends for the synchrotron emission and the evolution of the FIR-radio correlation. The quantitative uncertainties may therefore be as large as one order of magnitude.
The main results of this study are summarized in the following:
• The number of cosmic ray electrons in steady state depends on various cooling mechanisms. The cooling timescale is a function of the star formation rate as well as of the redshift. At high redshifts cosmic ray losses are dominated by ionization and bremsstrahlung (see figure 3) . The latter depend on the particle density which is directly coupled to the star formation rate density (see equation 4).
• With our cosmic ray model and a scaling of the magnetic field strength with the star formation rate that remains similar at high redshift we calculate the galactic synchrotron emission. The results for a Milky Way like galaxy and a typical high-z starburst are shown in figure 5 . We compare here the observed synchrotron flux with conservative sensitivity values of current radio telescopes. We find that detection of non-thermal radio emission is possible up to z ≈ 2. Especially at high redshift freefree absorption at low and free-free emission at high ν makes multi-frequency observations necessary.
• We calculate the radio luminosity density at ν = 1.4 GHz and estimate the corresponding FIR luminosity using the relation to the star formation rate from Kennicutt (1998) . The resulting FIR-radio correlation is presented in figure 6 . Here we compare our theoretical prediction with the observational data of local galaxies from Yun et al. (2001) . Without adjusting the parameters of our model we find good agreement with the observational data at z = 0.
• We study the evolution of the FIR-radio correlation with redshift in figures 7, 8, and 9. Due to the increasing energy losses of cosmic ray electrons the radio luminosity decreases with redshift. This leads to a smaller FIR-radio correlation for younger galaxies. Moreover, the slope of the correlation becomes smaller with increasing z. How much the correlation changes depends strongly on the scaling of the gas density n ∝ (1 + z) 5.14−α . For α = 0 our model predicts a significant evolution of the FIR-radio correlation with redshift over the entire range of star formation rates that is already visible at z ≈ 2. If the z-dependence of the density is weaker, i.e. α = 2.14, a modification of the correlation could only be detected at z 5.
Our theoretical galaxy model should be testable in future radio observations. A current survey with the JVLA is CHILES con Pol 6 which will provide the deepest window into the radio sky up to date. The survey covers the COSMOS 7 field and thus deep observations in various wavelengths are already available. CHILES con Pol will be able to test the FIR-radio correlation up to cosmological redshifts. With a high angular resolution and a enormous sensitivity the SKA as well as its pathfinders like LOFAR and ASKAP will be powerful telescopes to observe galactic radio emission in the early Universe. The expected sensitivity of the SKA-mid is roughly 0.3 µJy for an exposure time of 8 hours. The synchrotron emission from typical high-z starburst galaxies, like our fiducial galaxy SMM J2135-0102, can be detected up to z ≈ 2 according to our theoretical model for the evolution of cosmic rays and galactic magnetic fields. For longer integration times the flux sensitivity decreases and radiation from more distant sources can be observed. For instance an 100 hour integration would push the sensitivity to 0.07 µJy and magnetic fields at a redshift of 5 and above could be studied. The combination of new radio observations and theoretical models like the one presented in this work will be important for better understanding of galaxies. In particular, we will gain more insights in the evolution of galactic magnetic fields, cosmic rays, and star formation which are closely coupled.
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